Abstract: This paper reports on a sequential three-stage analysis of inflation persistence using monthly data from 11 inflation targeting (IT) countries and, for comparison, the US, a non IT country with a history of credible monetary policy. First, we estimate inflation persistence in a rolling-window fractional integration setting using the semiparametric estimator suggested by Phillips (2007). Second, we use tests for unknown structural breaks as a means to identify effects of the regime switch and the global financial crisis on inflation persistence. We use the sequences of estimated persistence measures from the first stage as dependent variables in the Bai and Perron (2003) structural break tests. These results suggest that four countries (Canada, Iceland, Mexico, and South Korea) experience a structural break in inflation persistence that coincide with the implementation of the IT regime, and three IT countries (Sweden, Switzerland, and the UK), as well as the US experience a structural break in inflation persistence that coincides with the global financial crisis. Finally, we reapply the Phillips (2007) estimator to the subsamples defined by the breaks. We find that in most cases the estimates of inflation persistence switch from mean-reversion nonstationarity to mean-reversion stationarity. 
Introduction
One of the most important characteristics of the dynamics of inflation is its persistence. Policy makers view inflation persistence with great interest because of its central role in determining how monetary policy respomds to shocks over time (see, e.g., Gerlach and Tillmann, 2012; van der Cruijsen, et al., 2010) . Persistence measures the speed at which shocks to inflation die out and the inflation rate returns to its target or its mean. With high inflation persistence, shocks to inflation exert long-lasting effects and may require a strong policy response to bring inflation under control. In the worst case, inflation may contain a unit root, which could lead to unpalatable choices for monetary policy, since inflation randomly drifts away in any direction, making it difficult for the monetary authorities to control inflation. In the best case, inflation may prove stationary, implying that it reverts to its initial level rapidly after a shock occurs. One area of the literature on inflation persistence considers whether shocks to the inflation process decay rapidly, as with non-integrated processes, or whether they decay much more slowly, as with fractionally integrated processes. In the latter case, inflation rates display evidence of persistence or long memory.
1 New-Keynesian dynamic stochastic general equilibrium (DSGE) macroeconomic models that incorporate lags of inflation in the new Keynesian Phillips curve (NKPC) 2 identify inflationary expectations as the main determinant of inflation persistence, suggesting that the decline in inflation persistence may occur through enhanced anchoring of inflation expectations 1 The empirical literature employs both autoregressive and fractionally integrated measures of inflation persistence. Examples of the autoregressive approach to estimate inflation persistence include Pivetta and Reis (2007) , Gamber, Liebner and Smith (2012) , Stock (2001) , O'Reilly and Whelan (2005) , Levin and Piger (2004) , and Gerlach and Tillman (2012) . Examples of fractional integration analysis include Hassler and Wolters (1995) , Siklos (1999) , Barkoulas, et al., (1999 ), Bos, et al., (1999 , 2002 , Kuttner and Posen (2001) , Baillie, et al., (2002) , Arize, et al., (2005) , Levin, et al., (2004) , Perusson (2004) , Gadea and Mayoral (2005) , Kumar and Okimoto (2007) , Beechey and Österholm (2009), Yigit (2010) , Meller and Nautz (2012) , and Canarella and Miller (forthcoming).
3 (Mishkin, 2007; Nautz and Strohsal, 2015) . That is, a monetary policy that successfully anchors inflationary expectations reduces or eliminates inflation persistence, since well-anchored inflationary expectations are much less dependent on past inflation. That is, if the central bank announces that it will keep inflation at 2% over the medium to long run, and economic agents believe it, then inflation expectations should equal exactly 2%. 3 Unlike monetary targeting, the IT framework does not depend on the stability of the demand for money and, unlike foreign exchange targeting, does not require changes in interest rates, direct foreign exchange intervention, and the loss of independent monetary policy (Mishkin, 1998) . The linkage between monetary policy and the stability of the demand for money, however, remains after the switch to IT. Thus, the debate about the stability of the money demand remains relevant even within the IT regime (Valadkhani, 2005) .
Empirically verifying the success of IT in anchoring inflation expectations proves difficult, however, as data on inflation expectations appear with limited availability and relatively low frequency (see Levin and Piger, 2004) . As an alternative, we can test the success of inflation targeting in anchoring inflation expectations by examining the time series properties of inflation (Yigit, 2010) .
This paper reports the estimates of inflation persistence under structural breaks using monthly data from 11 IT countries and, for comparison, the US, a non IT country with a history of credible monetary policy. Our strategy unfolds through a sequential three-stage strategy. In 3 Significant evidence exists that documents the fall of inflation persistence in the last twenty years in developed IT countries (Walsh, 2008; Kuttner and Posen, 2001; Benati, 2008) . Benati (2008) estimates the parameters of a stickyprice DSGE model for the United Kingdom and Canada before and after the introduction of IT and finds that inflation persistence falls significantly during the respective IT periods. In other words, implementation of an explicit and credible IT is associated with lower persistence. Evidence from Canada, Sweden, and the UK supports the view that IT anchors expectations (Gurkaynak, et al., 2006 (Gurkaynak, et al., , 2007 . Evidence that inflation persistence declines in developing countries that formally adopt IT is scant and more elusive (Kuttner and Posen, 2001; Gurkaynak, et al., 2006 Gurkaynak, et al., , 2007 .
4 the first stage, we estimate inflation persistence in a rolling-window fractional integration setting.
The fractional integration approach possesses the advantage of not invoking the I(1) paradigm to represent nonstationary series. While the either I(0) or I(1) paradigm of inflation separates stationarity from nonstationarity, the fractional integration framework separates long memory and nonstationarity properties of inflation from its mean-reversion properties. 4 Conventional integer-order unit-root tests, whether their null is I(1) or I(0), may not detect the mean-reverting properties of the inflation rate series, and the common findings of unit-root behavior in inflation rate series may be an artefact of the testing methodology, which is known to have low power against fractional alternatives. We employ the semiparametric estimator suggested by Phillips et al., (2003) , who suggest that we can use tests for unknown structural breaks to evaluate policy.
We extend the approach of Piehl, et al., (2003) , arguing that the evaluation of a change in regimes or a change in macroeconomic events of large proportions should depend on whether the change generates a structural change. This approach involves identifying any unknown structural break in the time series of inflation persistence. In this context, we can interpret a finding of a structural break that coincides with IT implementation or the global financial crisis as evidence supporting an effect of the regime switch or the global financial crisis on inflation persistence.
On the other hand, a finding of no structural break or structural breaks at alternative dates would constitute evidence against any effect of these events.
Finally, in the third stage, we reapply the Phillips (2007) estimator to examine whether the regime switch resulting from the breaks and in particular the global financial crisis exert an effect on inflation persistence by reducing or increasing it.
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We summarize our findings as follows. First, the rolling-window estimates confirm that most inflation rate series exhibit a drop in persistence after the adoption of IT. This process, 5 An alternative would be to estimate the structural breaks jointly with the persistence parameters. Several approaches have been proposed in the econometric literature. The problem of testing for a single change of the fractional parameter is discussed by Yamaguchi (2011) in a parametric (ARFIMA) setting. Typically, the sample is partitioned into two subsamples and the fractional integration parameter is estimated for each subsample. The test statistic is obtained by maximizing the difference of these estimates over all such partitions. A similar approach for detecting multiple breaks in the fractional integration parameter is used by Shimotsu (2006) in a more general semiparametric context. A related, though different, approach, based on the CUSUM statistic, is used by Sibbertsen and Kruse (2009) to test for a change in the fractional integration parameter from stationarity to nonstationarity, or viceversa. Still other approaches are discussed by Hassler and Meller (2014), Hassler, Rodrigues and Rubia (2014) , Hassler and Scheithauer (2011), and Martins and Rodrigues (2010) . The advantage of the joint estimation is its asymptotic efficiency. However, even though joint estimation is asymptotically efficient, this is not necessarily the case in small samples. Therefore, due to the advantage of conceptual and computational simplicity, we confine ourselves to the sequential estimation approach.
6 nevertheless, ends with the global financial crisis of [2008] [2009] , which reverses the decline in persistence in most IT countries. Recent evidence (Galati, et al., 2011; Autrup and Grothe, 2014) suggests that US and UK inflation expectations become less anchored since the outbreak of the financial crisis. This is consistent with our findings. We find that inflation persistence, a measure of anchoring, in several of our IT countries increased during the global financial crisis, implying that inflation expectations became de-anchored during the crisis. The length of the de-anchoring varies among our IT countries, but it generally appears as a temporary phenomenon, which is followed by a re-anchoring with further declines in inflation persistence.
Second, we find that all inflation persistence processes undergo at least one structural break, but only four countries (Canada, Iceland, Mexico, and South Korea) experience a structural break that coincides with the implementation of IT. Of the remaining countries, we find no statistical discontinuity in the inflation persistence series, which signals that the IT policy did not exert an immediate effect on inflation persistence. Furthermore, only four countries, the US and three IT countries (Sweden, Switzerland, and the UK) experience a structural break in connection with the global financial crisis. The global financial crisis exposes the vulnerability of the IT regime in developed countries, and suggests that these three IT regimes as well as the US saw a de-anchoring of inflation expectations during the global financial crisis.
The remainder of the paper is organized as follows. Section 2 describes the data. Section 3 briefly discusses the concepts of a fractionally integrated process and long memory and outlines the methodology employed in this paper. Section 4 reports the main empirical findings.
Finally, Section 5 concludes.
Data
We use monthly observations on the seasonally unadjusted Consumer Price Index (CPI all item; 
Methodology
6 We do not consider Australia and New Zealand because these two countries do not report monthly CPI series. We also exclude Finland and Spain, which adopted IT in 1993 and 1994, respectively, but abandoned them on entering the EMU in 1998. Some discrepancies occur in the exact timing of adoption in some countries. The reason usually reflects the gradual adoption of the IT regime, which makes exact timing of adoption somewhat difficult. Ball and Sheridan (2005) provide discussion on the discrepancies between announcement and implementation of IT. 
Fractionally Integrated Processes and Measures of Persistence
The fractionally integrated process t y is defined as follows: 
The however, the process reverts to its mean, which means that any shock that affects the process at some point in time exerts a non-permanent effect on future path of the series. If d=0, the unique source of dynamics stems from the stationary dynamics of t  , and the process then exhibits no long memory. That is, the process is stationary with short memory or I(0). Any shock that affects the series only exerts a short-term effect, which completely disappears in the long run. This means that the correlation between consecutive observations fades out quickly and the series returns rapidly to its constant mean. In such case, we model the series as an ARMA(p, q).
on the other hand, the series exhibits a unit-root process, which we model as an ARIMA(p, 1, q)
by differencing the unit-root process. Obviously, when 1 0
(d=1 under the null) or stationarity testing (d=0 under the null) may fail to detect mean reversion in the series and reach the wrong conclusion that the series experiences infinite memory (i.e., a unit root).
The Modified Log Periodogram Regression Estimator
Geweke and Porter-Hudak (1983) propose a semiparametric procedure to estimate the parameter d from T observation on a fractionally integrated process 
where ( In practical applications, however, researchers typically apply the log periodogram regression method to apparently nonstationary series by first differencing the data. The log periodogram estimator is not invariant to first differencing (Agiakloglou, et al., 1993) , so that a bias may exist due to over-differencing. Thus, absent prior information about the range of d before estimation, the need exists for a more flexible estimation technique and inference for both the stationary and the nonstationary cases. Phillips ( 
with critical values from the standard normal distribution. Thus, the MLP estimator is especially useful in the nonstationary case when 0.5 d  . 
Empirical Results

Rolling-Window Fractional Estimation Results
This section reports the results of the dynamics of inflation persistence using a rolling-window approach. The rolling-window approach examines whether inflation persistence in IT countries and the US changes in any notable manner. This, in turn, can highlight periods over which a pronounced decline or increase occurs in the persistence of the inflation rate series. The rollingwindow fractional-integration approach estimates the inflation persistence parameter d using subsamples obtained by shifting the start and end points with a fixed window.
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We use a 10-year rolling window estimation. is available from the authors.
12 Because of the arbitrariousness of the 10-year window, we also compute alternative window lengths of 8-year and 12-years. All findings, available from the authors, remain robust to the choice of the window.
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window. For the US, we observe a general decline in inflation persistence, starting from the early 1980s to the start of the global financial crisis and the Great Recession. That decline may reflect the Great Moderation. After such declines, however, we often see minor increase.
Tables 1 provides a more detailed profile of the 11 IT persistence series and the US. Africa, South Korea, Sweden, Switzerland, the UK, and the US. For Chile, Israel, and Mexico, on the other hand, the full sample analysis indicates nonstationarity but mean reversion.
The rolling window estimates, however, clearly indicate that the constant parameter model does not adequately capture the dynamics of inflation persistence. We find a variety of responses to the regime switching. Canada, Iceland, Norway, and Sweden experience a change in inflation persistence from long memory to short memory in relation to IT switching. This indicates that when announced, the targets instantly gain credibility. On the other hand, Chile, South Korea, South Africa, Israel, and the UK do not experience immediately a change in persistence. Inflation persistence in these countries maintains the long memory property before and immediately after the IT adoption. For Chile and South Korea, however, a decline in the persistence estimates occurs the year following the IT adoption. This indicates mild lag effects.
For Israel and the UK, a decline only occurs four years after the IT announcement. This suggests strong lag effects. For these countries, obviously, the targets do not achieve instant credibility.
South Africa is unusual in that inflation persistence after IT adoption exhibits sustained 14 increases, with estimates in the non-stationary, mean-reverting interval. Mexico is the only country that experiences a change in inflation persistence from a unit-root process (i.e., a nonstationary and non-mean reverting process) to a nonstationary and mean-reverting process two years prior to the formal IT announcement. This suggests the presence of a strong anticipation effect: economic agents anticipated the IT switch and discounted it two years ahead of the formal announcement. Switzerland exhibits no change either. Inflation persistence in Switzerland exhibits short memory properties before and after the regime switch.
We reject the unit-root hypothesis for all windows except Mexico, where the unit root is Table 2 displays summary descriptive statistics of the rolling-window MLP estimates.
Tests for structural breaks
This section tests for structural breaks in the inflation persistence series generated by the prior analysis. We explore the frequency of persistent shocks by exploiting the structural break tests. hand, a finding of no structural break or a structural break at an alternative date far from the IT adoption date provides evidence against IT adoption exerting an effect on inflation persistence, leading to the conclusion that the regime switch was ineffective, with regard to inflation persistence.
Second, we employ the structural break tests to assess whether no break point exists in inflation persistence during the IT regime. In particular, we use the structural break tests to assess whether the 11 IT countries in the sample and the US experienced a structural break that coincides with the global financial crisis. The finding of a structural break that coincides with the global financial crisis indicates that inflation expectations become de-anchored during the crisis, which weakens the IT commitment. This, in turn, implies that the IT period in these countries corresponds to a time of relative stability of inflation persistence. Conversely, of the remaining six countries (Chile, Israel, Mexico, Sweden, Switzerland, and the UK), two countries (Chile and Israel) experience two structural breaks after IT implementation, and four countries (Mexico, Sweden, Switzerland, and the UK) experience one structural break after IT implementation.
The Bai-Perron tests identify only four countries, the US and three IT countries (Sweden, Switzerland, and the UK) that experience a structural break in connection with the global 19 financial crisis. These shocks expose the vulnerability of the IT regime and US monetary policy.
The IT framework, after all, may not prove more relevant on anchoring inflation expectations than other monetary regimes. Interestingly, none of the developing countries experience a structural break in connection with the global financial crisis. Figure 3 highlights the structural changes in the mean and/or the trend of the 11 IT and US inflation persistence series. The vertical segment marks the official date of IT implementation. The graph at the top depicts the actual data and the fitted data, while the graph at the bottom depicts the residuals. Table 4 presents the OLS estimates of the regimes together with the t-statistics and the adjusted R 2 .
Given the results in Table 3 , we reapply the MLP test to the subsamples defined by the breaks. , the test statistics for the null of unit root (d=1) and the null of short memory stationarity (d=0). There are 30 regimes, corresponding to 18 breaks in total. In all regimes, we reject the null hypothesis that d = 1. No switches from non-meanreversion nonstationarity to mean-reversion stationarity exist. Switches from mean-reversion nonstationarity to mean-reversion stationarity, however, do exist (i.e., Chile, Israel, and Mexico from the first to the second regime, South Korea from the second to the third regime) and from mean-reversion stationarity to mean-reversion nonstationarity (Chile from the second to the third regime). For Chile and Israel, we reject the null hypothesis of d=0 for all three regimes. For
Iceland and South Africa, we fail to reject the null hypothesis of d=0 in the first regime, but we can reject it in the second regime. Conversely, for Norway, South Korea, Sweden, Switzerland, and the UK, we reject the null hypothesis of d=0 in first regime, but cannot reject it in the second or third regimes (the second regime for Norway, the third regime for South Korea and the UK, 20 and the second and third regimes for Sweden). The estimates of the fractional integration parameter show that when allowing for structural breaks, eight regimes no longer display long memory (Canada in the second regimes; Chile in the second regime; Iceland in the first regime; Norway in the second regime; South Africa in the first regime; South Korea in the third regime; Sweden in the first regime; Switzerland in the second regime; the UK in the third regime). The remaining regimes, including the US. exhibit long memory. Of these, 5 regimes exhibit nonstationary, but mean reversion (Chile in the first and third regimes; Israel in the first regime;
Mexico in the first and second regimes), and the remaining 14 regimes display long memory, i.e., are stationary and mean reverting (Chile in the second regime; Iceland in the second regime;
Israel in the second and third regimes; Mexico in the third regime; Norway in the first regime; South Korea in the first regime; Sweden in the second and third regime; Switzerland in the first regime; the UK in the first and second regimes; and the US in the first and second regimes). In sum, inflation persistence in these countries exhibits heterogeneous dynamics, suggesting that the response to inflationary shocks even in IT countries is more sophisticated than the conventional IT framework can explain. We need to examine three countries, in particular, that experienced hyperinflation in the sample period: Chile in1973, Israel in 1984 -1985 , and Mexico in 1982 -1993 . These are the only countries that exhibit nonstationarity in inflation persistence.
That is, the "memory" of hyperinflation may not easily fade away, even after the adoption of the IT regime, leading to nonstationary persistence.
Conclusions
We employ a three-stage approach to the analysis the dynamics of inflation persistence in 11 IT countries and the US. First, we implement rolling-window-fractional-integration tests. The rolling-window estimates indicate that most inflation rate series exhibit a drop in persistence 21 after the adoption of IT. The fall in persistence, however, does not always synchronize with the IT adoption date. Canada, Iceland, Norway, and Sweden experience a change in inflation persistence from long memory to short memory in relation to IT switching. This indicates that when announced, the targets instantly gain credibility. On the other hand, Chile, South Korea, South Africa, Israel, and the UK do not experience immediately a change in persistence.
Inflation persistence in these countries maintains the long memory property before and immediately after the IT adoption. For Chile and South Korea, however, a decline in the persistence occurs the year following IT adoption. This indicates mild lag effects. For Israel and the UK, a decline only occurs four years after the IT announcement. This, on the other hand, suggests strong lag effects. For these countries, obviously, the targets do not achieve instant credibility. South Africa is unusual in that inflation persistence after IT adoption exhibits sustained increases, with estimates in the non-stationary, mean-reverting interval. Mexico is the only country that experiences a change in inflation persistence from a unit-root process (i.e., a nonstationary and non-mean reverting process) to a nonstationary and mean-reverting process two years prior to the formal IT announcement. This suggests the presence of strong anticipation effects: economic agents anticipated the IT switch and discounted it two years ahead of the formal announcement. Switzerland exhibits no change either. Inflation persistence in Switzerland exhibits short memory properties before and after the regime switch.
The response of inflation persistence to the global financial crisis causes heterogeneous effects. The global financial crisis, however, terminates this decline in most inflation rate series.
We find evidence of a de-anchoring process of inflationary expectations during the global financial crisis, where about half of the inflation series exhibit an increase from 2007 to 2008.
The increase, however, generally appears transitory.
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Second, we test for structural breaks in the inflation persistence series generated by the first-stage analysis. We extend Piehl, et al., (2003) and argue that the evaluation of a change in regimes or the evaluation of a change in macroeconomic events of large proportions should depend on whether the change generates a structural change. We find that all inflation persistence processes undergo at least one structural break, but only four countries (Canada, Iceland, Mexico, and South Korea) experience a structural break that coincides with the implementation of IT. Of the remaining countries, we find no statistical discontinuity in the inflation persistence series at IT implementation, which signals that the IT policy did not exert an immediate effect on inflation persistence. Furthermore, only four countries, the US and three IT countries (Sweden, Switzerland, and the UK) experience a structural break in connection with the global financial crisis.
Finally, we reapply the Phillips (2007) estimator to the subsamples defined by the breaks.
We find that in most cases the estimates of inflation persistence switch from mean-reversion nonstationarity to mean-reversion stationarity.
In conclusion, we show that most IT industrial countries in our sample experience decreasing persistence over time, while for developing countries, some show decreasing, others show increasing, and still others present highly persistent inflationary processes. In terms of macroeconomic policies, we think that these results are important for developed and developing countries. For the developing countries, more than for the developed countries, the effectiveness of the IT regime relates to the capacity of their central banks to enact macroeconomic policies that focus on diminishing inflation persistence. Conversely, for the developed countries, more than for the developing countries, financial crises represent an obstacle to well-anchoring of inflation expectations, making inflation persistence more vulnerable to financial crisis. Note: (1) = break in mean and trend; (2) = break in mean and non breaking trend; (3) = break in mean only. The 5-percent critical values for the SupF(  +1/  ) are 8.58, 10.13, and 11.14 for  = 1,2,3, respectively, for the model with break in the mean or the model with break in the mean with no-breaking trend, and 11.47, 12.95, and 14.03 for  = 1,2,3, respectively, for the model with a break in the mean and a break in the trend (Bai and Perron, 2003) . The maximum number of breaks is set at M=3 and a trimming parameter of 0.15 is used to determine the minimal number of observations in each segment h = [0.15T ] where T is the sample size. We allow error distributions to differ across breaks. We test for three different specification (see Table  14 ): break in mean and trend, break in mean with a non-breaking trend, and break in mean without a trend. 
